The Burkholderia cepacia complex (Bcc) is a group of closely related species that are ubiquitous in the environment and are also a particularly problematic source of respiratory infections in cystic fibrosis (CF) patients (33) . To date, the Bcc comprises at least nine defined bacterial species that have been isolated from the sputa of CF patients, as well as from the environment (12, 13, 30, 31) . Burkholderia cenocepacia is one of the most prevalent Bcc species in CF patients, and evidence suggests it is the most virulent (41, 50) . The factors that allow B. cenocepacia to establish infection and persist in the lungs of CF patients remain relatively undefined.
Recently, it was shown that B. cenocepacia strain C1394 could undergo colony variation from a matte to a shiny colony morphotype through passage in mice (11) . This colonial transformation was accompanied by hyperpiliation and increased production of exopolysaccharides (EPS) (11) . The shiny variant was more persistent in a neutropenic mouse lung infection model than the original matte isolate (11) . The switch in colony morphotypes may therefore represent a part of the adaptation mechanisms that are triggered by the conditions encountered in the host (11) .
Variation in colony morphology, which may or may not be reversible, has been reported for many species of bacteria.
Conversion from smooth to rugose in Vibrio cholerae (54, 58, 60) and Salmonella enterica serovar Typhimurium (2) , from opaque to translucent in V. parahaemolyticus (20, 21, 34) , from smooth to wrinkly and fuzzy spreaders in Pseudomonas fluorescens (39) , from smooth to wrinkly in Pseudomonas aeruginosa (14) , from rough to smooth in Actinobacillus actinomycetemcomitans (24) , and the appearance of small colony variants in P. aeruginosa (19) are examples of modifications in colony morphology.
Other bacterial behaviors are associated with changes in colony morphology including motility, biofilm formation (19, 54, 60) , and resistance to antibiotics (19) , chlorine (60) , and osmotic or oxidative stresses (54) . However, these altered phenotypes are not always directly related to the change in colony morphology but rather result from the original mutation causing the colonial transformation, since these mutations often occur in transcriptional regulators. Colony morphology variation can also alter virulence as has been reported in Ralstonia solanacearum (38) and in V. cholerae (56, 62) . V. cholerae has the ability to reversibly alter its colony morphology, switching between two forms, smooth and rugose. The rugose variant is more resistant to chlorine, acid, UV light, and complementmediated bactericidal activities than the smooth wild-type form (36, 42, 60) . Rugose strains are virulent, and disease symptoms have been demonstrated in rabbits and human volunteers infected with these strains (36, 42, 60) .
In the present study, we describe the spontaneous appearance of shiny variants (shv) in B. cenocepacia strain K56-2. Since colony morphology variation has previously been shown to affect virulence in B. cenocepacia (11) , selected shv were evaluated for virulence in both plant and animal infection models. A putative transcriptional regulator encoded by the BCAS0225 gene was identified that when mutated resulted in a shiny colony morphotype, as well as a defect in biofilm production and virulence.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in the present study are described in Table 1 . The bacterial strains used here were routinely grown in LB broth or on 1.5% Lennox L agar (LB; Invitrogen, Burlington, Ontario, Canada) supplemented with antibiotics when appropriate and incubated at 37°C unless specified otherwise. Antibiotics were used at the following concentrations: 100 g of trimethoprim (Tp)/ml, 200 g of tetracycline (Tc)/ml for B. cenocepacia K56-2 and 100 g of Tp/ml, 50 g of gentamicin (Gm)/ml, and 50 g of kanamycin (Km)/ml for Escherichia coli. Agrobacterium tumefaciens strains were grown at 28°C for 24 to 48 h with the addition of 25 g of Km/ml and 4.5 g of Tc/ml for A. tumefaciens A136(pMV26)(pCF218) (9) and 4.5 g of Tc/ml and 50 g of spectinomycin/ml for A. tumefaciens A136(pCF218)(pCF372) (61) . For N-acyl homoserine lactone (AHL) extraction and detection assays, B. cenocepacia cultures were grown in Trypticase soy broth (TSB; Becton Dickinson, Sparks, MD). For protease assays, overnight cultures were grown in LB. For the Chrome Azurol S assay, cultures were grown at 32°C in succinate medium supplemented with 10 mM ornithine. For swarming and swimming motility assays, cultures were grown in nutrient broth (NB; Becton Dickinson) supplemented with 0.5% glucose. For alfalfa inoculation, overnight cultures were grown in LB with shaking (Invitrogen) in a 96-well plate. For animal experiments, cultures were grown in dialyzed and chelated TSB-DC (37) medium overnight. All chemicals were purchased from Sigma-Aldrich Canada, Ltd., (Oakville, Ontario, Canada).
DNA manipulations. Restriction endonucleases and T4 DNA polymerase were purchased from Invitrogen. T4 ligase was purchased from New England Biolabs (Mississauga, Ontario, Canada) or Invitrogen. Oligonucleotide primers (data not shown) were synthesized at the University of Calgary Core DNA and Protein Services (Calgary, Alberta, Canada). PCR was performed with either Platinum Taq DNA polymerase or Platinum Taq DNA Polymerase High Fidelity (Invitrogen). DNA fragments used for cloning were purified by using the QIAquick gel extraction kit (Qiagen, Mississauga, Ontario, Canada). The University of Calgary Core DNA and Protein Services performed nucleotide sequencing and sequence analysis was performed with the aid of DNAMAN sequence analysis software (Lynnon BioSoft, Vandreuil, Quebec, Canada).
Isolation of shv of B. cenocepacia K56-2. One isolated K56-2 rough colony grown on LB agar was inoculated into 5 ml of fresh LB and incubated at 37°C for approximately 24 h with shaking (ϳ250 rpm). The following day, a 100-l aliquot was serially diluted into fresh LB, plated onto LB agar plates (Invitrogen), and incubated at 37°C for 48 h. After 48 h, agar plates were put at room temperature for up to 24 h in order to distinguish the shv from the rough colonies. Isolated K56-2 shv were transferred into 100 l of LB in a 96-well plate format, incubated at 37°C overnight with shaking, and frozen in glycerol to a final concentration of 15% (vol/vol).
In vitro stability of the colony morphotypes. To evaluate the in vitro stability of both morphotypes, a single isolated colony from each of the rough colonies and shv of K56-2 grown on LB agar were inoculated into 5 ml of LB, followed by incubation for approximately 24 h (one passage) with shaking or for 72 h (one passage) with no shaking. After each passage, the cultures were thoroughly mixed, and a 100-l aliquot was used to inoculate 5 ml of fresh medium, followed by incubation as described above. The process was repeated for periods of 14 days for the shaking cultures (14 passages) and 21 days for the static cultures (7 passages). After each passage, cultures were serially diluted and plated onto LB agar to determine the percentages of shv and rough colonies.
Congo red binding assays. Cultures grown in 96-well microtiter plates were inoculated manually (2 l) or with a 48-pin replicator onto LB agar plates containing Congo red dye at either 100 g/ml or 0.01% (wt/vol). Plates were incubated at 37°C for 24 to 48 h, and the binding properties were determined by the color of the resulting colony. Red was indicative of high affinity, and pink and/or white was indicative of a decrease in binding affinity.
Phenotypic assays. Protease activity was determined as previously described by using skim milk as a substrate (48) . Briefly, overnight cultures were subcultured (1:100) into 10 ml of fresh LB medium until mid-log phase of growth, normalized to an optical density at 600 nm of 0.3, and spot inoculated (2 l) in triplicate or with a 48-pin replicator onto skim milk agar. Plates were incubated for 24 h and analyzed for zones of clearing around the spotted colony. Siderophore activity present in culture supernatants was measured by using Chrome Azurol S assays as previously described (27) . Motility assays were performed as previously described (4, 29) . Assays were performed in triplicate and repeated at least twice with similar results. AHL extraction, thin-layer chromatography, and luminescence bioassays. AHLs were extracted from culture supernatants as previously described and AHL profiles were determined by thin-layer chromatography-AHL bioassays using A. tumefaciens A136(pCF218)(pCF372) as the reporter strain (28) . Synthetic N-hexanoyl-L-homoserine lactone and N-octanoyl-L-homoserine lactone (Sigma-Aldrich) were used as reference standards. For the detection and monitoring of AHL production, a bioluminescence agar plate assay was developed using the A. tumefaciens strain A136(pCF218)(pMV26) as the reporter strain (9, 49 ). An overnight culture of the reporter strain was mixed in a ratio of 1:80 (vol/vol) with TSB containing 0.7% agar (wt/vol). Each plate was made with 20 ml of the TSB agar reporter strain mixture and allowed to dry for approximately 2 h at room temperature before use. Then, 2 l of an overnight culture grown in TSB of the strains to be tested was spotted onto the plate, allowed to dry for 20 min, and incubated at 28°C for 24 h. Luminescence was detected by using a Fluorchem 8900 digital camera system.
Biofilm on abiotic surface and pellicle formation. Biofilm assays on abiotic surfaces were performed as previously described (4) by growing bacteria in 96-well microtiter plates (Nunc, Roskilde, Denmark) covered with a 96-peg lid (Nunc) and quantitating the biomass formed on the polystyrene pegs. For pellicle formation, colonies were inoculated into a borosilicate glass tubes (16 by 150 mm) containing 5 ml of fresh LB and incubated statically at 37°C for 5 days. The pellicle at the air-liquid interface was qualitatively evaluated.
TEM. For transmission electron microscopy (TEM), 3-to 5-day-old colonies grown on LB agar plates were removed from the agar surface by cutting them out with a thin layer of agar. TEM was performed by the University of Calgary Microscopy and Imaging Facility (http://microscopy.myweb.med.ucalgary.ca/). Briefly, colonies were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 1 h at room temperature. Samples were washed three times in 0.1 M cacodylate buffer (pH 7.4) postfixed in 1% osmium tetroxide buffered with 0.1 M cacodylate for 1 h at room temperature. Samples were then rinsed twice briefly with distilled water and stained en bloc for 30 min in 0.5% aqueous uranyl acetate. Samples were then dehydrated in an ethanol series and embedded in Spurr's resin. Thin sections were cut with a diamond knife on a Reichert Ultracut E and stained with uranyl acetate and lead citrate. Sample analysis was performed using a Hitachi H-7000 transmission electron microscope at 75 kV.
Alfalfa infection assay. Briefly, the seedlings were germinated (3) and placed in 24-well plates (Becton Dickinson) containing 2 ml of water agar instead of petri dishes as previously described (3) . A total of 30 l of overnight cultures grown in LB at 37°C with shaking in a 96-well plate was used to surface inoculate three unwounded seedlings per well. For complementation experiments, Tc was included in the culture medium, and the bacteria were subsequently pelleted and resuspended in LB prior to inoculation onto seedlings. The 24-well plates containing seedlings were sealed with parafilm and incubated in a warm room (37°C) under a desk lamp producing artificial light. The seedlings were visually monitored for disease symptoms at 5 days postinfection (p.i.). Strains were tested with 12 seedlings in at least two assays with similar results, and the results presented are from one assay. The recovery of bacteria from infected plants was performed as previously described (3).
Animal studies. Sprague-Dawley rats (150 to 175 g; Charles River Canada, Inc.) were tracheotomized under anesthesia and inoculated with approximately 10 4 CFU of the appropriate strain embedded in agar beads as previously described (7). At 14 days p.i., the lungs from four to five animals from each group were removed aseptically and homogenized (Polytron Homogenizer; Brinkman Instruments, Westbury, NY) in 3 ml of phosphate-buffered saline (PBS; 10 mM sodium phosphate, 150 mM NaCl [pH 7.5]). The homogenates were serially diluted in PBS and plated on B. cepacia selective agar (26) . The lungs of four to five additional animals from each group were removed en bloc, fixed in 10% formalin, and examined for quantitative pathological changes. Infiltration of the lung with inflammatory cells and exudates was measured as previously described (3, 4) .
Transposon mutagenesis and identification of insertion sites. Rhamnosedependent shv mutants of B. cenocepacia K56-2 were generated by using the plasmid pSCrhaBout as previously described (6) . Briefly, the plasmid pSCrhaBout was conjugated into B. cenocepacia K56-2 by triparental mating using pRK2013 as the mobilizing plasmid (22) . Transconjugants were selected on LB agar plates containing 100 g of Tp/ml, 50 g of Gm/ml, and 0.2% glucose. Colonies that exhibited a shiny colony morphology were selected, cultured in LB medium containing 100 g of Tp/ml in 96-well format, and replica plated onto LB agar with 100 g of Tp/ml and either 0.2% glucose or 0.2% rhamnose. Mutants that appeared shiny on LB agar plates containing glucose and rough on LB agar plates containing rhamnose were selected for further analysis. Genomic DNA was isolated from the mutants by using the Promega Wizard Genomic DNA purification kit, digested with NotI, self-ligated with T4 DNA ligase (Invitrogen), and transformed into E. coli DH5␣ competent cells. Transformants were selected on LB agar plates containing 100 g of Tp/ml. The locations of the transposon insertion sites were determined by comparing the DNA sequences obtained by sequencing with primer 824 (6) with the genome of B. cenocepacia J2315 by BLAST (www.sanger.ac.uk/Projects/B_cenocepacia/). The annotated region of surrounding the insertion site was determined by using Artemis software (44) .
Mutant construction (luxCDABE fusion construction). The genes BCAS0225 and BCAM1200 in B. cenocepacia K56-2 were inactivated by the insertion of pGSVTp-lux. This vector was constructed from pGSV3-lux (35) by deleting the Gm resistance cassette at the SstI site and inserting a 708-bp SstI fragment containing the Tp resistance cassette from p34S-Tp (18) . A 563-bp internal region of BCAS0225 was amplified by using the primers 5Ј-EcoRI-BCAS0225 and 3Ј-EcoRI-BCAS0225, while a 343-bp region of BCAM1200 was amplified with the primers 5Ј-EcoRI-BCAM1200 and 3Ј-EcoRI-BCAM1200. The amplification products were subcloned into pCR2.1-TOPO and transformed into TOP10FЈ One-Shot E. coli DH5␣ competent cells (Invitrogen). The EcoRI fragment was subsequently cloned into pGSVTp-lux and mobilized into K56-2 (22) . Transconjugants were selected on LB agar plates containing 100 g of Tp/ml and 50 g of Gm/ml. Insertions at the correct loci were verified by PCR using the primer combinations luxCR and 5Ј-EcoRI-BCAS0225 or 3Ј-EcoRI-BCAS0225 for BCAS0225 and with the primers 5Ј-EcoRI-BCAM1200 or 3Ј-EcoRI-BCAM1200 for BCAM1200.
Cloning of BCAS0225 and complementation of shv with BCAS0225. A 1,740-bp fragment containing the BCAS0225 gene was amplified from K56-2 genomic DNA using Platinum Taq DNA Polymerase High Fidelity, with the primers 5Ј-PstI-BCAS0225 and 3Ј-BamHI-BCAS0225 and then subcloned into pCR2.1-TOPO and transformed into TOP10FЈ One-Shot E. coli DH5␣ Competent Cells. A PstI-BamHI fragment containing BCAS0225 and the upstream region was then cloned into pUCP26 (57) digested with the same enzymes to generate pUCP26-BCAS0225. Competent cells were prepared from BCAS0225:: pGSVTp-luxCDABE and K56-2 shv as previously described (17) , and pUCP26-BCAS0225 was introduced by electroporation.
Statistical analysis. Analysis of variance (ANOVA) was performed with INSTAT software (GraphPad Software). A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Isolation of shv of K56-2. The colony morphology of K56-2 on agar is usually rough, but shv can often be detected (Fig. 1) . Cultures have a homogenous distribution when grown in liquid medium with shaking and, when plated on agar medium, both rough and shv were identified (Fig. 1A) . K56-2 cultures grown statically in liquid medium formed a pellicle at the air-liquid interface (Fig. 1B) . When this pellicle was plated on agar medium, three colony morphotypes were identified: the typical rough colony, shv, and a larger flat rough colony (Fig. 1B) . The K56-2 shv had a uniform, smooth, and shiny appearance (Fig.  1D) , whereas rough colonies developed a pattern within the colony over time and had fuzzy edges (Fig. 1C) .
Stability of the colony morphotypes of K56-2. To determine the frequency of the appearance of shv, the percentage of shv versus rough colonies obtained on agar medium was monitored after serial passages in both shaken and static liquid cultures. In shaken cultures, the rough morphotype was relatively stable over a period of 14 days, with Ͻ1% of the population consisting of shv (data not shown). In static cultures, 100% of the colonies obtained from the first three passages were rough, but the shv population increased with each of the following pas-sages, suggesting that the shiny morphotype is more adapted for this growth environment (data not shown). The shv evaluated were stable in both shaken and static growth conditions over the same period of time as mentioned above (data not shown). The growth rate of representative rough colonies and shv were determined to be the same in shaking cultures (data not shown), indicating that differences in isolation frequency were not due to one morphotype outgrowing the other.
Phenotypic clustering of K56-2 shv. A number of phenotypes were examined in isolated shv to determine whether they differed between shv and rough colony morphotypes. Ninetythree shv were characterized for Congo red binding, biofilm formation on polystyrene pegs, pellicle formation, protease activity, AHL production, swarming and swimming motility, and virulence in alfalfa. Variation in protease activity, AHL production, and virulence in alfalfa were used as parameters for clustering the shv into 15 distinct groups (data not shown). Features shared by all shv were the reduced ability to bind Congo red and reduction in biofilm formation, and 80% were avirulent in the alfalfa infection model (data not shown). Representative shv from seven of the phenotypic groups (data not shown) were selected for further analysis. These shv exhibited differences in protease activity, AHL production, virulence, siderophore production, and motility (data not shown).
Smooth, flat colonies on agar surfaces generally have a reduction in the production of the extracellular matrix and are frequently biofilm defective (5). All seven shv had at least a 50% reduction in biofilm formation on polystyrene pegs (P Ͻ 0.01 [ANOVA]) compared to the rough parent strain (data not shown). Six of seven shv could form a pellicle-like structure at the air-liquid interface (data not shown). However, pellicles formed by the shv were not rigid as those formed by the rough K56-2 (data not shown). To determine whether reduction in biofilm formation correlated with a reduction in EPS-like matrix, representative rough colonies and shv colonies grown on agar were analyzed by TEM to identify ultrastructural differences. An extracellular matrix surrounded cells from rough colonies ( Fig. 2A) but was absent in shv K56-2 S76 (Fig. 2B) , as well as in K56-2 S15 and K56-2 S86 (data not shown).
Effect of colony morphology on virulence in plants and animals. The selected shv, with the exception of K56-2 S15, were avirulent in the alfalfa seedling infection model, as evidenced by the absence of symptoms of disease ( Table 2 ). The number of bacteria recovered 5 days p.i. from infected seedlings varied between the shv (Table 2 ) and was lower than K56-2 for K56-2 S60, K56-2 S62, K56-2 S76, K56-2 S86, and K56-2 S92 by almost 1 log unit (P Ͻ 0.05 [ANOVA]). The numbers of K56-2 S15 and K56 S39 recovered were similar to those for rough K56-2 ( Table 2) .
We evaluated the virulence of three shv-K56-2 S15, K56-2 S76, and K56-2 S86-using the rat agar bead model (7). K56-2 S15 was fully virulent in alfalfa (Table 2 ), but did not produce detectable AHLs or protease (data not shown). K56-2 S76 was representative of a group with parental protease activity but had increased AHL production (data not shown). K56-2 S86 had reduced expression of all virulence traits analyzed (data not shown). Rats infected with each of these shv had a significant decrease in quantitative lung histopathology compared to rough K56-2 (P Ͻ 0.05 [ANOVA]) (Fig. 3A) . There was no significant difference in the numbers of bacteria recovered from the lungs of infected animals (Fig. 3B) , although in most cases the number of CFU recovered from the rats infected with shv were higher than those infected with the wild type. No shv were recovered from rats infected with the rough K56-2, and no rough colonies were recovered from animals infected with shv, demonstrating that the morphotypes were stable in animals (data not shown).
Identification of a gene involved in the conversion from rough to shiny colony morphology. We used a transposon mutagenesis approach with pSCrhaBout, which delivers an outward-oriented rhamnose-inducible promoter (6), to identify genes involved in the conversion from rough to shiny morphotypes. The insertion of the P rhaB promoter upstream of a gene involved in the colony morphotype conversion should result in shv that would be restored to the rough morphotype on medium with rhamnose and make it possible to differentiate between mutations that occurred spontaneously and those resulting from transposon insertions. Approximately 96,000 transconjugants were analyzed, and those that exhibited shv morphology on LB agar containing glucose were replica plated onto plates containing rhamnose or glucose. Of the 361 Tn-shv screened in this manner, 36 appeared shiny on glucose and rough on rhamnose (data not shown). To confirm that the Tn-shv mutants had properties similar to those of the spontaneously isolated shv previously characterized, the Tn-shv were analyzed for biofilm production and virulence on alfalfa seedlings. Twelve Tn-shv were found to exhibit phenotypes characteristic of the spontaneously isolated shv in that they were deficient in biofilm production and avirulent on alfalfa (data not shown).
The location of the transposon insertion in these 12 mutants was determined by sequencing the flanking region and using the sequence to identify the location in the unpublished genome of B. cenocepacia J2315, which is an ET12 clone related to K56-2 (32). Since the 12 mutants selected for sequence analysis appeared to be rhamnose inducible, the insertion sites were expected to be located within promoter regions. Interestingly, only 2 of the 12 mutants analyzed contained insertions upstream of genes. One mutant had an insertion that occurred upstream of an open reading frame, BCAM1200, a putative membrane protein, while the other occurred upstream of BCAS0225, a putative transcriptional regulator that belongs to the LysR family (Fig. 4A) .
The BCAS0225 mutant exhibits shiny colony morphology and is defective in biofilm formation, extracellular matrix formation, and virulence. To investigate the involvement of BCAM1200 and BCAS0225 in the conversion from rough to shv in K56-2, insertional mutants were constructed by single (3).
b Mean CFU recovered from three infected alfalfa seedlings. Experiments were repeated at least twice with similar results. Results significantly different than K56-2, as determined by ANOVA, are indicated by asterisks: *, P Ͻ 0.05; and **, P Ͻ 0.01. recombination using pGSVTp-lux (BCAM1200::pGSVTpluxCDABE and BCAS0225::pGSVTp-luxCDABE). Only inactivation of BCAS0225 resulted in the shv morphotype (Fig.  5A ). Biofilm formation in both the BCAS0225 transposon mutant and the BCAS0225::pGSVTp-luxCDABE mutant were markedly reduced (P Ͻ 0.01 [ANOVA]) compared to K56-2 (Fig. 6A) . To assess the role of BCAS0225 in virulence, the alfalfa seedling infection model was used (3) . Neither of the BCAS0225 mutants caused disease symptoms in alfalfa seedlings, indicating that their phenotypes were consistent with the spontaneously isolated K56-2 shv (Fig. 7) . The BCAS0225 mutants were most similar to the shv K56-2 S76 in that they produced parental levels of protease and slightly more AHL than K56-2 (data not shown).
To confirm that the shv morphotype observed in K56-2 BCAS0225::pGSVTp-luxCDABE was due to the disruption of BCAS0225 and not the result of polar effects caused by the insertion of pGSVTp-lux, we cloned the BCAS0225 gene along with the putative promoter region into pUCP26 (57) . The resulting plasmid, pUCP26-BCAS0225, was electroporated into K56-2 BCAS0225::pGSVTp-luxCDABE. Complementation with pUCP26-BCAS0225, but not the vector alone, restored the rough colony morphology (Fig. 5B) . Introduction of pUCP26-BCAS0225 also restored biofilm formation to levels observed in the rough K56-2 ( Fig. 6B) and virulence in the alfalfa model (Fig. 7) . The extracellular matrix observed in rough K56-2 ( Fig. 2A) was absent in the BCAS0225 mutant (Fig. 2C ) and restored when BCAS0225 was provided in trans (Fig. 2D) . Taken together, these results confirm the involvement of BCAS0225 in colony morphology, biofilm formation, and virulence.
Complementation of spontaneous K56-2 shv and sequence analysis. We examined the possibility that a defect in BCAS 0225 was responsible for the shiny colony morphology observed in the seven shv representing different phenotypic clusters. First, we attempted to complement the shv morphotype by introducing pUCP26-BCAS0225 into these strains. The plasmid pUCP26-BCAS0225 restored the rough morphotype, Congo red binding, and AHL production to wild-type levels in K56-2 S76 (Fig. 5C , Table 3 , and data not shown). The rough phenotype was also restored in three of five other shv (Table  3) (Fig. 5C ) and partially restored the rough morphotype, but this intermediate rough morphotype was only detectable on LB agar and not on any of the other media tested (data not shown). This is in contrast to shv K56-2 S76, whose colony morphology was consistently complemented with BCAS0225 on several types of culture medium (Fig. 5C and data not shown).
To determine whether the spontaneous shv contained mutations in BCAS0225, this gene was amplified (Table 3) and sequenced. All of the shv that were complemented by BCAS 0225 contained the same frameshift mutation in BCAS0225 (Table 3) , whereas K56-2 S86 and the shv that were not complemented had the parental sequence. These data indicate that the shv morphotype is frequently due to mutations in BCAS 0225 but that other unidentified mutations also may lead to shv colonies. The partial complementation of K56-2 S86 when pUCP26-BCAS0225 is introduced may be due to a copy number effect. BCAS0225 was sequenced from three additional shv from the same phenotypic cluster as K56-2 S76, and two additional mutations were identified in BCAS0225 (Table 3) . These three shv were also restored to the rough morphotype when complemented with BCAS0225 (data not shown).
DISCUSSION
Bacteria often encounter many different environments, ranging from soil to mammalian hosts, and therefore must be able to adapt in order to survive (52) . Many bacterial species, including V. cholerae (54, 58, 60) , S. enterica serovar Typhimurium (2), and P. aeruginosa (19) , are capable of existing in more than one form, which may provide an advantage for survival in different environments (39) . Changes in colony morphology may be transient as in the case of phase variation, which results from the differential expression of certain genes or it may be sustained, if it is the result of a loss of function or deletion mutation.
In the present study, we demonstrated that B. cenocepacia K56-2 undergoes a conversion from a rough to a shiny colony morphotype that correlates with reduced biofilm production, reduced virulence in a chronic lung infection model, in most cases avirulence on alfalfa, and reduced or absent extracellular matrix. However, there is substantial diversity with regard to other phenotypes examined. The recovery of different colony morphotypes after growth of K56-2 in liquid cultures was similar to what has been described for P. fluorescens, where phenotypic variants were derived from a single smooth ancestor grown in microcosms (39) . In our experiments, shv were recovered from both shaken and static cultures of K56-2 and were extremely stable ( Fig. 1 and data not shown) .
Using transposon mutagenesis we identified one regulatory gene, BCAS0225, that influences colony morphotype. BCAS 0225 encodes a putative transcriptional regulator belonging to the LysR family. BCAS0225 mutants were shiny, defective in biofilm formation (Fig. 6A) , and avirulent on alfalfa ( Fig. 7) and had scant extracellular matrix (Fig. 2C) . These phenotypes reverted to wild type upon complementation with an intact BCAS0225 gene. Several of the spontaneous shv had either frameshift or substitution mutations in this gene and were restored to the rough morphotype when complemented with BCAS0225 (Table 3) .
LysR-type transcriptional regulators are among the most common types of positive regulators in prokaryotes (46) . LysRtype transcriptional regulators contain an N-terminal DNAbinding domain, a central domain involved in coinducer recognition and/or response, and a C-terminal domain required for both DNA binding and coinducer response (46) . The Nterminal and central regions are the most conserved. The sequence of BCAS0225 is highly conserved among other B. cenocepacia strains (Ͼ96% identity in amino acid sequences) and members of the Bcc (data not shown). The C-terminal amino FIG. 7 . Alfalfa seedling virulence of K56-2 BCAS0225 mutants. Three seedlings placed on agar in a 24-well plate were inoculated with each strain as described in Materials and Methods. Seedlings were visually inspected for disease symptoms characterized by necrosis and yellow or brown leaves on day 5 p.i. acid sequence of BCAS0225 has the greatest homology to several LysR family regulatory proteins in Bordetella species, including BPP4163 from B. parapertussis 12822 and BB4633 from B. bronchiseptica RB50 (37% identity and 57% similarity and 37% identity and 56% similarity, respectively). The identification of frameshift mutations in BCAS0225 in K56-2 S39, K56-2 S60, K56-2 S62, and K56-2 S76 indicates that mutations in this gene are responsible for at least some spontaneous shv, but clearly other mechanisms are also involved since three of the characterized shv did not contain BCAS0225 mutations, and the rough morphotype was not restored by the presence of BCAS0225 in trans ( Table 3 ). The frameshift mutation resulting from an insertion of a G at position 710 in BCAS0225 was the most common mutation identified, but two additional mutations resulting from A-to-G substitutions were also identified in the shv K56-2 S76-like phenotypic cluster. All mutations identified were in the C terminus of BCAS0225. Studies are under way to determine other mechanisms that lead to the shiny colony morphotype.
Mutations in BCAS0225 are unlikely to account for all of the phenotypic variation in the shv since the four shv with mutations in BCAS0225 did not have the same AHL and protease phenotypes. The BCAS0225 mutants were most similar to K56-2 S76. It is possible that K56-2 S60 and K56-2 S39 contain additional mutations that would explain their AHL and protease phenotypes. The seemingly high frequency of spontaneous mutations in B. cenocepacia indicates the importance of performing complementation experiments in any comparative studies between mutants and the wild type in this organism.
Several regulatory genes have been identified in other species that, when mutated or overexpressed, alter colony morphotypes. Genes required for the synthesis of V. cholerae EPS (VPS) that is essential for the rugose phenotype are under a complex regulatory circuit comprising the negative regulator HapR (62) and the positive regulators VpsR (59), VpsT (8) , and RocS (40) . In Pseudomonas sp. strain PCL1171, colony morphology variation has been associated with random mutations occurring in the two-component regulatory system GacA/ GacS that are caused by the inefficient repair by MutS, one of the central components of the mismatch repair system (52, 53) , thereby affecting several of its biocontrol and colonizing traits (52) . GGDEF and EAL domain proteins, responsible for the synthesis and degradation of cyclic-di-GMP, respectively, have been shown to influence cell surface properties, biofilm production, and colony morphotype in various organisms, including Vibrio, Yersinia, Salmonella, and Pseudomonas species (for reviews, see references 15 and 43). P. aeruginosa lasR mutants in CF isolates typically have an iridescent metallic sheen resulting from the accumulation of the intercellular signal 4-hydroxy-2-heptylquinoline (16) . A LysR regulator, originally designated mor and subsequently shown to be oxyR, has been reported to control a switch in colony morphology in E. coli (25, 55) .
Rugose variants of V. cholerae produce more biofilms on abiotic surfaces (54, 60) , mainly due to the overproduction of VPS. These EPS comprise at least part of the extracellular matrix that can be visualized by TEM between bacteria of the rugose morphotype but was absent in the smooth morphotype colonies (1, 59) . This has also been described for S. enterica serovar Typhimurium rugose variants (2) . Similarly, our TEM micrographs revealed the presence of a similar extracellular matrix surrounding bacteria in the rough colonies that was absent in the shv and a BCAS0225 mutant (Fig. 2) . These data suggest that BCAS0225 may regulate genes involved in the biosynthesis or production of this extracellular matrix. Straus et al. (51) described an extracellular toxic complex in P. cepacia (previous name for Bcc strains) composed of carbohydrates, lipopolysaccharides, and proteins that was toxic to mice and could result in lung histopathology when inoculated into rats. It is possible that the extracellular matrix observed in the rough colonies includes this extracellular toxic complex and that its absence in the shv would contribute to the decreased virulence observed.
Chung et al. (11) reported that there was more abundant EPS in the shiny derivative, C1394mp2, compared to the rough or matte strain. Although we have not specifically analyzed EPS in K56-2 rough and shv colonies, we would predict, based on our TEM data and studies in V. cholerae (1, 59) and S. enterica serovar Typhimurium (2) , that the rough morphotypes would have more EPS. Further studies are needed to determine the differences in the extracellular matrix associated with biofilm formation and virulence between the rough and shv forms and the role of BCAS0225 in its production.
Changes in colony morphology have been associated with resistance to stress and increased survival in particular environment. P. aeruginosa has been shown to acquire a number of common mutations during the course of chronic infection in CF airways, particularly in virulence factors important in acute infections and antibiotic efflux pumps (47) . One of the genes frequently mutated is lasR, which regulates a number of virulence factor genes. lasR gene mutants could be distinguished on agar plates after extended incubation by their characteristic metallic sheen (16) . Spontaneous lasR mutants have also been isolated from in vitro cultures. Interestingly, loss-of-function mutations in lasR were shown to result in a growth advantage in a number of conditions, including in medium containing amino acids thought to be important in the lung environment (16) . Therefore, mutations in lasR may provide a selective survival advantage in the CF lung, which would explain the frequency of isolation of lasR mutants.
The previously described shiny variant of strain C1394 was shown to persist better than the matte or rough morphotype after pulmonary challenge in a leukopenic mouse model (11) . In this particular model, Bcc strains that are more virulent are typically cleared from the lungs, whereas less-virulent strains or species persist (10) . The C1394 matte strain was cleared from the lungs, whereas the shiny variant C1394mp2 was maintained (11) , suggesting that there is a selective advantage for this colony variant in this infection model. In our study we found no difference in survival or persistence between the shv and rough morphotypes of K56-2 in the rat agar bead chronic infection model (Fig. 3B ). Both colony types had the same growth rates in liquid culture medium, and the BCAS0225 mutations did not affect in vitro growth rates (data not shown). We have not yet identified any shv from rat lung cultures, although shv are recovered from infected alfalfa seedlings at a relatively high frequency compared to liquid medium. Therefore, if conversion to shv does provide a selective advantage for K56-2, we have not yet determined the environmental conditions that VOL. 76, 2008 COLONY MORPHOLOGY AND VIRULENCE IN B. CENOCEPACIA 45 would demonstrate this advantage or the factors that might trigger the colony switch.
In conclusion, we have demonstrated that shv arise spontaneously from strain K56-2 and that shv consistently produce less biofilm and less extracellular matrix and are less virulent. Other virulence phenotypes vary between isolated shv. Spontaneous mutations of the BCAS0225 gene resulting in a loss of function is one mechanism that leads to a shiny colony morphotype. Studies are under way to determine the function of BCAS0225, as well as to identify other mechanisms of conversion to the shiny morphotype.
